Background and objectives The effect of increased fluid intake on kidney function is unclear. This study evaluates the relationship between urine volume and renal decline over 6 years in a large community-based cohort.
Introduction
The message to drink "at least 8 glasses of water a day" is widespread, despite a lack of evidence to support it (1-4). Two major medical journals, the British Medical Journal and The Lancet, rightly describe this "fluid craze" as a medical myth propagated by the popular press (1,5). Aside from preventing kidney stone formation (6, 7) , few studies have demonstrated a beneficial effect of increased fluid intake in adequately hydrated individuals (3, 4) . Previous research evaluating the relationship between fluid intake and kidney function has produced equivocal results; however, much of this research was conducted in animal models (8) or was restricted to patients with chronic kidney disease (CKD) (9) . To date, no study has prospectively examined the effect of urine volume on kidney function in the general population. The Walkerton Health Study, a prospective community-based cohort study, provided a unique opportunity to evaluate the relationship between urine volume and renal decline over 7 years of follow-up.
Materials and Methods

Participants and Study Design
Participants were from the Walkerton Health Study (2002 to 2008, Canada), a prospective cohort study evaluating the long-term health sequelae from exposure to water contaminated with Escherichia coli O157 and Campylobacter. The design and methodology of the Walkerton Health Study are described elsewhere (10) . Briefly, residents of the Walkerton area were invited to participate in the study and attend an annual clinic, irrespective of whether they had been exposed to contaminated water or developed an acute illness. The study sample has previously been shown to be representative of the target population (11) . Written consent was obtained from all participants.
Ethics approval was obtained from the University of Western Ontario's Research Ethics Board for Health Sciences. The present analysis was limited to adult participants Ն18 years who joined the study in 2002 or 2003 (n ϭ 3154), provided a valid 24-hour urine samples at study entry, had an estimated GFR (eGFR) Ն60 ml/min per 1.73 m 2 at baseline, and had at least two annual eGFR assessments.
Measures
Participants attended an annual clinic and completed a computer-assisted in-person interview that included questions on family history, past and current medication use, risk factors, and several physician-diagnosed health conditions, including diabetes and cardiovascular disease. Questionnaire development was guided by the U.S. Third National Health and Nutrition Survey (NHANES III) and Statistics Canada's National Population Health Survey. Height and weight were measured by trained study personnel.
Serum creatinine was assessed annually and eGFR was calculated using the abbreviated Modification of Diet in Renal Disease equation (12) . Participants provided a 24-hour urine sample at study entry and again at years 5 and 7. Under-or overcollection of 24-hour urine samples were identified if 24-hour urine creatinine was less than or greater than the laboratory's reference range (7 to 25 mmol/d). Serum and urine creatinine were measured by the modified kinetic method of Jaffe using the Vitros 950 autoanalyzer (interassay coefficient of variation Ͻ4%) (Johnson and Johnson, Skillman, NJ). Based on evidence that 24-hour urine protein was systematically overestimated in samples with higher urine volumes (13), proteinuria was measured using a urine dipstick (Bayer 8SG Multistix) from a random spot urine sample obtained at study entry. In 2003, participants were offered an 8-hour fasting plasma glucose test and an oral glucose tolerance test (OGTT), if fasting glucose was 5.5 to 6.9 mmol/L, to increase the sensitivity of detecting diabetes.
Definitions
Participants were grouped into four categories of urine volume based on values at study entry (Ͻ1 L/d, 1 to 1.9 L/d, 2 to 2.9 L/d, and Ն3 L/d) (14) . To calculate the rate of change in kidney function over time, we fitted an ordinary least-squares regression line to all eGFR measures for each participant. The slope of the regression line describes the rate of change in kidney function (eGFR) over time. While the distribution of the absolute annual change was strongly skewed to the right and susceptible to highly variable rates of annual decline in those with eGFR Ն90 ml/min per 1.73 m 2 , the distribution of percentage annual change ([slope/ baseline eGFR]ϫ100) was more symmetrically balanced around the median. Therefore, for our primary analysis, we defined change in renal function as percentage annual change in eGFR from baseline, categorized as average decline Ͻ1% per year (reference), between 1% and 4.9% per year (mild-to-moderate decline), or Ն5% (rapid decline) (15, 16) . Cardiovascular disease was defined as a self-reported, doctor-diagnosed heart attack, stroke, or congestive heart failure. Diabetes mellitus was defined using the current diagnostic criteria based on the presence of fasting plasma glucose Ն7.0 mmol/L, random or 2-hour post OGTT plasma glucose Ն11.1 mmol/L, a medical diagnosis of diabetes, and/or the use of oral hypoglycemic agents or insulin (17) .
Statistical Analyses
Normally distributed data were summarized by the mean and standard deviation (SD), and skewed distributions by the median and interquartile range (IQR). Bivariable associations were assessed using the chi-squared test, ANOVA, or the Kruskal-Wallis test, as appropriate. We performed a multiple linear regression to compare renal decline across categories of urine volume while adjusting for confounders. We performed a multinomial logistic regression to estimate odds ratios (ORs) and 95% confidence intervals (CIs) for rapid decline and mild-to-moderate renal decline. The reference category for all analyses was urine volume 1 to 1.9 L/d, which contained the median value for the population. Age and gender were included in all models. Possible confounders considered for statistical adjustment included medication use for hypertension and risk factors for renal progression, including dipstick proteinuria (missing for 31), cardiovascular disease, diabetes, smoking, obese body mass index at study entry (Ն30 kg/ m 2 ), and family history of hypertension (missing for 5), diabetes (missing for 2), or kidney failure (missing for 1). Information on risk factors was collected from multiple sources, and in the absence of any evidence, missing data on risk factors was set to zero (absent), which produced similar or more conservative results than a complete case analysis. Models were reduced using backward elimination at alpha ϭ 0.15 (18, 19) unless elimination changed the exposure-outcome association by Ͼ10% (19, 20) . Models were run with and without outliers, with no appreciable effect on results. To assess the potential impact of information bias from differential follow-up times, we examined the change in risk when (1) follow-up time was entered into the model, and (2) number of annual eGFR assessments was entered into the model. In addition, we examined whether the main results differed when renal decline was defined using a minimum of three versus two annual eGFR assessments. Additional sensitivity analyses were run to confirm that results were robust to differing variable definitions and modeling techniques.
Results
Of 3371 participants Ն18 years, 2148 provided valid 24-hour urine samples at study entry and had at least two annual eGFR assessments ( Figure 1 ). Participants were 56% female, with an average age of 46 years. At baseline, median urine volume was 1.8 L/d (IQR 1.2 to 2.2) and mean eGFR was 87 ml/min per 1.73 m 2 . Participants received a median of 6 (IQR 4 to 7) annual eGFR assessments, and 82% received at least four annual assessments. Participant characteristics overall, and by 24-hour urine volume, are shown in Table 1 . Those with higher urine volumes tended to be older and were more likely to be obese, smokers, or taking medication for hypertension, which included diuretics. Baseline eGFR for each category of urine volume (Ͻ1 L/d, 1 to 1.9 L/d, 2 to 2.9 L/d, and Ն3 L/d) was 90, 88, 84, and 87 ml/min per 1.73 m 2 , respec-tively. The median number of annual eGFR assessments (6) was similar across categories of urine volume. The annual change in eGFR was Ϫ0.83 ml/min per 1.73m 2 /yr (Ϫ0.81 ml/min per 1.73m 2 /yr for men and Ϫ0.84 ml/min per 1.73m 2 /yr for women). The annualized change in reciprocal serum creatinine was Ϫ0.005 (mg/ dl) Ϫ1 per yr (Ϫ0.004 (mg/dl) Ϫ1 per yr for males and Ϫ0.006 (mg/dl) Ϫ1 per yr for females). Overall, eGFR declined by 1.0% per year, with 10% demonstrating rapid decline (eGFR decline Ն5%) and 40% demonstrating mildto-moderate decline (eGFR decline between 1% and 4.9%). The difference in eGFR between the first and last assessment was 5.1 ml/min per 1.73 m 2 , and eGFR fell below 60 ml/min per 1.73 m 2 for 9.6% of participants. Despite having similar levels of renal function at baseline (87 ml/min per 1.73 m 2 ), eGFR fell below 60 ml/min per 1.73 m 2 for twice as many participants with urine volume Ͻ3 L/d compared with those with urine volume Ն3 L/d (10.0% versus 5.5%; P ϭ 0.07). An inverse, graded relationship was evident between urine volume and renal decline: For each increasing category of 24-hour urine volume (Ͻ1 L/d, 1 to 1.9 L/d, 2 to 2.9 L/d, and Ն3 L/d), percentage annual decline in eGFR was progressively slower (1.3%, 1.0%, 0.8%, and 0.5%, respectively; P ϭ 0.02). A similar pattern was seen for reciprocal serum creatinine, where the annualized change was: Ϫ0.007, Ϫ0.006, Ϫ0.005, Ϫ0.002 (mg/ dl) Ϫ1 per yr, respectively, P ϭ 0.06. In terms of absolute eGFR decline, Figure 2 shows the difference in eGFR between the first and last assessment (median 5.7 years); the decrease in eGFR was nearly three times greater in those with the lowest versus highest urine volumes: 6.4 ml/min per 1.73 m 2 versus 2.3 ml/min per 1.73 m 2 ; P ϭ 0.01. The increase in serum creatinine between the first and last assessment showed a similar pattern, with the increase becoming progressively smaller across increasing categories of urine volume: 0.03 mg/dl, 0.03 mg/dl, 0.02 mg/dl, and 0.01 mg/dl; respectively; P ϭ 0.04. Overall, the ageand gender-adjusted average annual eGFR decline was 0.6 ml/min per 1.73 m 2 /yr slower in those with urine volume Ն3 L/d compared with those with smaller urine volumes (P ϭ 0.01). As shown in Table 2 , percentage annual decline in eGFR remained significantly slower in adults with urine volume Ն3 L/d compared with those in the reference category (1 to 1.9 L/d) after adjusting for age, gender, medication use for hypertension, dipstick protein, and cardiovascular disease (difference ϭ 0.9%/yr; P ϭ 0.02).
As shown in Table 3 and Figure 3 , an inverse, graded relationship was evident between urine volume and the risk for mild-to-moderate and rapid renal decline. Compared with those with urine volume 1 to 1.9 L/d, those with urine volume Ն3 L/d were significantly less likely to demonstrate mild-to-moderate renal decline (adjusted OR ϭ 0.66; 95% CI 0.46 to 0.94; P ϭ 0.02) or rapid decline (adjusted OR ϭ 0.46; 95% CI 0.23 to 0.92; P ϭ 0.03).
Sensitivity Analyses
Results of the regression analyses did not change after controlling for number of eGFR assessments, follow-up time, baseline eGFR, diabetes, and urine creatinine, or when renal decline was modeled as absolute versus percentage change or as the inverse of serum creatinine. Change in measured creatinine clearance between first and last assessment did not significantly associate with urine volume; however, measurement of serum creatinine was not timed to the 24-hour urine collection and therefore cannot be assumed to reflect the true clearance. When we restricted the analysis to those with a minimum of three annual eGFR assessments (n ϭ 1865) and sustained polyuria (urine volume Ն3 L/d for at least two annual assessments; n ϭ 95), percentage annual decline in eGFR was 0.6%/yr slower in those with sustained polyuria (P ϭ 0.047). When 24-hour urine volume was averaged over the three follow-up assessments (intraclass correlation coefficient: 0.78; P Ͻ 0.001), the inverse relationship between averaged urine volume and renal decline remained the same; however, polyuria lost statistical significance (difference ϭ 0.5%/yr; P ϭ 0.28), and renal decline for those with the smallest urine volumes (Ͻ1 L/d) was significantly faster (difference ϭ Ϫ0.7%/yr; P ϭ 0.04) compared with the reference group (urine volume 1 to 1.9 L/d).
Discussion
In this prospective, community-based cohort study of adults with normal kidney function, decline in kidney function was significantly slower in those with higher versus lower urine volumes. The age-and gender-adjusted average annual decline in eGFR was 0.6 ml/min per 1.73 m 2 /yr slower for those with urine volume Ն3 L/d compared with those with smaller urine volumes. Over 10 years, this translates into a difference of 6 ml/min per 1.73 m 2 . The fastest rate of decline was observed for those with the smallest urine volumes (Ͻ1 L/d). Those with the largest urine volumes (Ն3 L/d) were least likely to demonstrate mild-to-moderate renal decline or rapid decline. The inverse, graded relationship between urine volume and renal decline remained significant after controlling for age, gender, baseline eGFR, medication use for hypertension (including diuretics), dipstick proteinuria, diabetes, and cardiovascular disease.
Our findings are consistent with Strippoli et al., who recently reported a protective effect of higher self-reported fluid intake on kidney function in a large communitybased cohort (21) . These findings contrast with earlier studies showing no association or possible harm of greater fluid intake; however, much of this research was conducted in animal models (8) or CKD patients (9) . In an observational study of CKD patients, higher urine volume and low urine osmolality were associated with faster decline in renal function (9) . However, this association may be explained, in part, by greater diuretic use among those with higher urine volumes and the decreased ability of the kidneys to concentrate urine as function declines; and, thus, in CKD patients, high urine volume with low osmolality could be the result, not the cause, of faster decline (9, 22) . Evidence supporting the latter conclusion is provided by highly controlled studies in rats in which high hydration shows a persistent benefit in preserving renal function (8, (22) (23) (24) (25) . Furthermore, an experimental study that randomized elderly men to increase fluid intake saw no change in eGFR over a 6-month follow-up (26), although a longer follow-up may be necessary to discern an appreciable effect on kidney function. In two small studies of acute water loading in healthy adults, a transient increase in albumin excretion was observed in one (27) , and the other showed that the effect of fluid loading on GFR was dependent on whether participants had consumed a high-protein meal or were in a fasting state (28). Anastasio et al. underlined the acute nature of these experiments, which cannot be generalized to the effects of chronic high hydration (28) . We previously noted an association between polyuria and 24-hour urine protein, but a subsequent investigation revealed that laboratory measurement error was the most likely explanation for these results (13, 29) . a Excludes three outliers with strong positive skew in estimated GFR decline. b Multiple linear regression: models were reduced using backward elimination at alpha ϭ 0.15 18, 19 unless elimination changed the association with urine volume by Ͼ10%; 19, 20 age and gender were forced into all models.
The kidneys play a key role in regulating fluid balance, which is guided by tight homeostatic control of plasma osmolality. Whereas increased plasma osmolality stimulates the release of arginine vasopressin, causing the kidney to retain water and decrease urine production, decreased plasma osmolality inhibits the excretion of vasopressin, causing the kidney to increase urine output (30, 31) . In addition to regulating fluid balance, the kidneys filter waste from the blood and require a minimum obligate urine volume to remove the solute load (31, 32) . Kidneys may function more efficiently in the presence of an abundant supply of water (33) . Higher fluid intake increases the clearance of sodium, urea, and osmoles (4, 28, 34) , and high fluid intake is the most effective therapeutic measure to prevent kidney stones (6, 7, 35) . If the kidneys are made to economize on water and produce more concentrated urine to maintain plasma osmolality, they may incur greater metabolic demand, as demonstrated in studies of rats (23, 32, 36, 37) .
Osmolar excretion and urine volume are affected by gender and race. Some argue that the greater food consumption among men compared with women, and their consequent higher daily osmolar loads and higher arginine vasopressin, might contribute to their increased susceptibility to kidney disease and salt-sensitive hypertension. Similarly, black individuals excrete similar daily osmolar loads as white individuals, but with less urine volume, which may, in part, explain their higher rate of kidney disease and salt-sensitive hypertension (38 -40) . Accelerated loss of kidney function can have a number of adverse consequences, including, but not limited to, poor BP control, various biochemical abnormalities, and higher levels of uraemic toxins (41). We measured 24-hour urine volume in over 2000 individuals from the general community. To our knowledge, this is the largest study of its kind. We excluded participants with urine creatinine levels outside the specified laboratory reference ranges, minimizing over-or undercollection as a source of misclassification bias. We obtained accurate comorbidity and medication information through structured interviews, blood tests, and medical chart reviews; controlled for age, gender, presence of proteinuria, smoking, cardiovascular disease, and medication use for hypertension; and used a highly sensitive algorithm to detect the presence of diabetes. Estimated renal decline was calculated over a median follow-up time of 6 years. High variability in absolute change among those with eGFR Ն90 ml/min per 1.73 m 2 made percentage change a better measure of renal decline in this general population sample (15) . In addition, since percentage change adjusts for baseline eGFR, this method effectively adjusts for differences in baseline renal reserve, giving greater weight to small changes in the presence of reduced renal reserve and less weight to small changes at higher levels kidney function. However, results were similar when we analyzed the absolute annual change rather than percentage change. True decline in renal function may be underestimated when eGFR is used in place of measured GFR (42); however, this should not affect the difference between comparison groups. Although we did not measure fluid intake directly, urine volume is an excellent proxy since it is directly proportional to fluid intake (6) . Moreover, we did not query participants on fluid consumption, and we do not know whether the type of fluid intake varied across categories of urine volume. For instance, a recent analysis of NHANES data showed a positive association between consumption of sugar-sweetened soft drinks and microalbuminuria (43) . We did not measure use of lithium, which may be associated with polyuria; however, the prevalence of lithium use in the general population is extremely low and is unlikely to explain the inverse association between polyuria and renal decline. Finally, because the present study took place after the occurrence of an environmental disaster in which a substantial number of this study's participants were exposed to contaminated water containing E. coli O157 and Campylobacter, we considered the possibility that this exposure may have affected the results. However, the presence of acute illness at the time of the outbreak was not associated with polyuria or renal decline (data not shown).
In this prospectively followed community-based cohort, renal decline was significantly slower in adults with higher versus lower urine volume. Our results do not support aggressive fluid loading with its attendant risk for hyponatraemea (44, 45) but are consistent with the popular belief in the benefits of a moderately increased fluid intake. This is the first large study of the general population to systematically study the relationship between urine volume and change in kidney function over time. Although this is an observational study and conclusions regarding causality must be cautious, these findings represent important initial evidence that higher fluid intake (2 to 3 L/d) may in fact benefit the kidney; however, it remains to be determined whether these results generalize to patients with CKD, the segment of the population where preservation of renal function is most crucial.
